Treatment of the diethyl ester of o-phenylenebis(oxamic acid) (opbaH 2 Et 2 , 1) with 5/6 equivalent of MeNH 2 in abs. EtOH results in the exclusive formation of the ethyl ester of o-phenylene(N′-methyl oxamide)(oxamic acid) (opooH 3 EtMe, 2) in ca. 50% yield. 
Introduction
Bis(oxamato) Cu II complexes are well-known representatives for the rational design of discrete polynuclear complexes and coordination polymers which are specifically suitable for basic research studies of magnetic superexchange phenomena. 1 The wellconsidered choice of the bis(oxamato) Cu II building blocks allows tailor-made control of both structural and magnetic properties of final products, among which are single-molecule or single-chain magnets as well as three-dimensional magnetic networks. 1 For example, an already classical synthetic approach may make use of the flexidentate properties of e.g. dianionic N,N′-o-arylenebis(oxamato)-Cu II complexes (type I), which can be reacted with one or two equivalents of partially blocked transition metal complexes to give tri-(type II) or binuclear complexes (type III), respectively, cf. Scheme 1.
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The structural variability of achievable polynuclear complexes is certainly much broader compared to the examples shown in Scheme 1. Besides one report, however, to our knowledge all of these polynuclear complexes have generally in common N,N′-bridged oxamates (vide infra), abbreviated as {C 2 NO 3 2− } 2 , as also shown in Scheme 1.
1 By "molecular engineering", to speak in the words of O. Kahn in one of his pioneering contributions, 12 a replacement of the Lewis-basic heteroatoms of the oxamate bridges to less electronegative ones is possible. Indeed, Kahn could show for binuclear complexes of the simplified type [LCu-(C 2 X 2 Y 2 )CuL] 2+ (L = terminal blocking ligand, C 2 X 2 Y 2 2− = C 2 O 4 2− (oxalate), C 2 O 2 N 2 2− (oxamide), C 2 S 2 N 2 2− (dithiooxamide)) that the S-T energy gap deduced from magnetic properties increases along decreasing the electronegativity of the heteroatoms of the C 2 X 2 Y 2 2− bridge. 12 The oxalato bridge and its heteroatom-substituted analogues of [LCu(C 2 X 2 Y 2 )CuL] 2+ binuclear complexes closely resemble the {C 2 NO 3 2− } 2 bridges shown in Scheme 1. Thus, replacing the oxygen atoms of the {C 2 NO 3 2− } 2 bridges to less electronegative ones like nitrogen and/or sulphur atoms should result in higher J coupling between the neighbouring e.g. Cu II ions in polynuclear complexes.
In spite of the potential huge amount of type I to III complexes possessing different bridges than {C 2 NO 3 2− } 2 bridges, the number of reports of such complexes is limited, cf. Scheme 2. [13] [14] [15] [16] Furthermore, only for one heteroatomsubstituted type II complex, namely [Ni(edo){Gd[HB( pz) 3 ] 2 } 2 ] (edo = ethylenebis(oxamidato), HB( pz) 3 − = hydrotris( pyrazol-1-yl)borate), magnetic measurements are reported. 16 The central metal ion of that complex is, as well as of the other trimetallic complexes, shown in Scheme 2, a diamagnetic Ni II ion in a planar coordination environment. Therefore, no magnetic exchange coupling could be observed.
In order to investigate the possible influence of heteroatomsubstituted bis(oxamates) on the magnetic exchange coupling of the corresponding trinuclear transition metal complexes we report here on the replacement of one OEt group of diethyl o-phenylene-bis(oxamate) (1, opbaH 2 Et 2 ) 17 by a NHMe group to obtain the ethyl ester of o-phenylene(N′-methyloxamide)-(oxamic acid) (opooH 3 EtMe, 2), 18 cf. Scheme 3.
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From 2 both the Cu II and Ni II complexes (3 and 4, respectively, Scheme 3) have been synthesized. By using complex 3 one representative trinuclear complex was prepared, namely complex 5, cf. Scheme 3.
From continuous wave Electron Paramagnetic Resonance (EPR) studies of 3 in the host lattice of 4 the spin density distribution of 3 should be determined. Magnetic susceptibility studies of 5 should reveal two different J parameters, according to Kahn. 12 Due to the asymmetric nature of 3 and 5, cf. Scheme 3, these two complexes are interesting and valuable candidates to study the interplay between the spin density distribution of mononuclear 3 and the J parameters of the corresponding trinuclear 5. A direct proportion between both physical parameters has been already assumed. 20 We report here on these studies together with accompanying quantum chemical calculations for reinforcement of experimentally obtained data.
Results and discussion

Synthesis
For the synthesis of the precursor 2, cf. Scheme 3, a solution of one equivalent of opbaH 2 Et 2 (1) 17 in abs. EtOH was treated with 5/6 equiv. of MeNH 2 forming a colourless precipitate. After isolation, the precipitate has been found to be pure 2 ( Fig. S1 and S2 †). When working in MeOH and using 2/3 equiv. of MeNH 2 a colourless precipitate is formed as well, however, it is not of the same identity of 2 but represents a mixture of at least two different components. 19 The precursor 2 was treated, according to Ruiz et (4)) as non-hygroscopic solids, allowing easy handling. To our knowledge related type I complexes, cf. Scheme 1, are usually synthesized as described here for 3A, that is, the precursor is treated first with four equivalents of OH − followed by the addition of the desired transition metal salt. Trials to prepare 3B and 4, respectively, by such a reaction sequence did not result in the formation of these complexes. The synthesis of 5 proceeds conveniently by the addition of a MeCN solution of two equivalents of [Cu( pmdta)(NO 3 ) 2 ] to a MeCN solution of one equivalent of 3B to give [Cu 3 (opooMe)-( pmdta) 2 ](NO 3 ) 2 (5) . Single crystals of 3A, 3B, 4 and 5, respectively, were grown as described in the Experimental section. 2+ (denoted in the following as 5A), is presented in Fig. 2 . Selected bond distances, bond and torsion angles of 3A#, 3Ba/3Bb, 4A and of the [Cu(opooMe)] 2− fragment of 5A are given in Table 1, whereas Table 2 gives the data of the terminal [Cu( pmdta)] 2+ fragments of 5A.
X-ray investigations
Crystal and structural refinement data of 3A′, 3B′, 4′ and 5′ are summarized in Table 3 . A common feature of 3A#, 3Ba and 4A, respectively, is the coordination of the opooMe 4− ligand to the transition metal ions by the three deprotonated amido nitrogen atoms N1-N3 and the carboxylato oxygen atom O4, forming planar MN 3 O (3A#, 3Ba: M = Cu1. 4A: M = Ni1) coordination units, cf. Fig. 1 . The metal ions are located 0.006(2) Å (3A#), 0.001(2) Å (3Ba) and 0.031(1) Å (4A), respectively, above/below calculated mean planes of the atoms N1-N3 and O4 with root mean square deviation (rmsd) from planarity of 0.006 Å (3A#), 0.064 Å (3Ba) and 0.031 Å (4A), respectively. The planarity of the MN 3 O coordination units is indicated further by the sum of the four bond angles around the metal ions of 360.01(24)°for 3A#, 360.24(32)°for 3Ba and 359.98(13)°for 4A, respectively. As observed and discussed for the related type I complexes, cf. Scheme 1, 2c a unique feature of planar complexes possessing 5-5-5 fused chelate rings around the respective metal ion is that three of the bond angles are rather small (range of N1-M1-N3, N1-M1-N2 and N3-M1-O4 is 82.19(16)°for 3Ba to 86.37(6)°f or 4A, cf. Table 1) , whereas the fourth one is substantially larger (range of N2-M1-O4 from 102.48(6)°for 4A to 109.54(16)°for 3Ba, cf. Table 1 ). This causes considerable deviations of the MN 3 O environment geometries from an ideal square plane. The three dianionic complex fragments as a whole are not accurately planar. This is illustrated in Fig. 1 by the interplanar angles between the M(C 2 NO 3 ) and the M(C 2 N 2 O 2 ) units, respectively, and by selected torsion angles given in Table 1 . 2− fragment of 5A appears, however, more planar compared with both 3A# and 3Ba: its Cu II ion is located 0.0002(33) Å above a calculated mean plane of N1 to N3 and O4 only (rmsd from planarity = 0.049 Å) and the interplanar angle between the Cu(C 2 NO 3 ) and the Cu(C 2 N 2 O 2 ) units, cf. Fig. 1 , amounts to 4.2°only. Moreover, the whole fragment of the atoms C1-C10, C2N, N1-N3, Cu1-Cu3 and O1-O5 can be considered as planar with a rmsd from planarity of 0.072 Å, highest deviation from planarity observed for C9 with 0.0117(8) Å.
Related bond lengths of the [Cu(opooMe)] 2− fragment of 5A and both 3A# and 3Ba are identical within standard deviations, related bond angles show marginal differences only, cf. A further structural feature of 5A deserves particular attention. Some of type II and type III complexes shown in Scheme 1 possess terminal CuN 3 O 2 coordination environments, as 
, where F o 2 (mean) is the average intensity of symmetry equivalent diffractions.
where n = number of reflections, p = number of parameters.
observed for 5a. In addition, six trimetallic Cu II 3 -containing N,N′-alkyl-bridged bis(oxamato) complexes 22 and one N,N′-obenzyl-bridged representative 23 have been reported, possessing related terminal CuN 3 O 2 coordination units. The coordination geometries of the CuN 3 O 2 coordination units are usually described in terms of the τ parameter with τ = 0 for the ideal square pyramidal (sp) and τ = 1 for the ideal trigonal bipyramidal (tbp) case. 24 Independent of whether the geometry is closer to the sp or tbp case, all above mentioned CuN 3 O 2 units possess a large O-Cu-N angle in the range from 169.2°4 to 178.4°, 11, 23 whereby the O-donor atom (O aryl in the following) is always the one from the O⋯C⋯N aryl function of the oxamate bridge and the N-donor atom the middle one of the N 3 -tridentate terminal ligands. A related observation is made for the CuN 3 O 2 unit of 5A comprising the atom Cu3 (unit I) with the angle O3-Cu3-N8 being 174.5(3)°, cf. Table 2 and Fig. 2 . It is important to state that the O-donor atoms of the carboxylate O⋯C⋯O functions of the oxamate bridges (O carb in the following) are never involved in the formation of the largest O-Cu-N angle of aforementioned complexes. 25 For the CuN 3 O 2 unit of the "opposite side" of 5A (unit II), the situation is different. The largest angle around the Cu2 amounts to 174.9(3)°(O2-Cu2-N5), but the O-donor atom (O Me in the following) is here the one from the O⋯C⋯N Me function of the oxamidate bridge, cf. The τ parameters (unit I/II = 0.302/0.355) indicate both terminal CuN 3 O 2 coordination environments closer to the ideal sp geometry. For unit I the basal plane is built of the three N-donor atoms N7-N9 and the O aryl atom O3, whereas the O carb atom O5 occupies the apical position. For unit II the basal plane is built of the atoms N4-N6 and the O Me atom O2, the O aryl atom O1 occupies here the apical position. The atom Cu3 is located 0.251(4) Å above the basal plane of unit I and the atom Cu2 is located 0.271(4) Å above the basal plane of unit II. For complexes exhibiting a sp coordination environment it is "normal" that the apically bonded donor atoms are more strongly bonded to the metal ion compared to the donor atoms of the basal plane, 26a which is, however, not observed for units I 27a and II. Namely, the Cu-O distances Cu3-O3 (1.985(5) Å, unit I) and Cu2-O2 (1.978(5) Å, unit II) are the shortest ones of each coordination environment, respectively. The N-donor atom involved in the shortest Cu-N bond of units I (d(Cu3-N8) = 2.002(6) Å) and II (d(Cu2-N5) = 2.007(6) Å), 27b respectively, is the one in trans position to the oxygen atom forming the basal plane. The distance of these oxygen atoms from the Cu atom of units I (Cu3-O3) and II (Cu2-O2), respectively, is then the shortest one of both coordination environments. This observation may agree with the order of N-and O-donor ligands in relation to their different trans influence, where N-donor ligands exhibit higher σ-donating properties compared to O-donor ligands. 26b,28 In summary, a different identity of the oxygen atoms in apical positions of the two CuN 3 O 2 units of 5A is observed. Furthermore, the τ parameters of both CuN 3 O 2 units are different. These structural features should have an influence on the magnetic properties of 5′, vide infra.
EPR investigations
The isotropic EPR parameters of 3B have been obtained from measurement in liquid solution using MeCN as a solvent with a concentration of 1 mM. The EPR spectrum of 3B is shown in Fig. 4 together with its simulation. The spectrum consists of four lines due to the onsite hyperfine (HF) coupling of the electron spin of Cu II S = 1/2 with its own nuclear spin I ( 63,65 Cu) = 3/2. One can notice that at the high field part of the spectrum further structure is observed due to the transferred HF-coupling with the 14 N nuclear spins [I( 14 N) = 1]. This structure is only partially resolved due to the large linewidth of the individual components. From the modelling of the spectrum, cf. Fig. 4 , the isotropic g-factor g iso = 2.084 and the isotropic 63 Cu-and 14 N-HF coupling constants A iso Cu = 85 G and A iso N = 14.5 G of 3B were obtained, respectively.
EPR measurements in the solid phase have been carried out on a selected single crystal of diamagnetically diluted 3B in the host lattice of 4 (in the following that material is referred to as 3B/4). The principal values of the g-factor tensors g || and g ⊥ corresponding to the direction of the external magnetic field B 0 parallel and perpendicular to the normal n to the dianionic complex fragment of 3B, respectively, have been determined by detailed measurements of the angular dependences of the EPR spectra and are listed in Table 4 .
The extent of the single crystal EPR spectrum is maximum for B 0 ||n [ Fig. 5 (left) Fig. 5 (left) , bottom]. The respective values are summarized in Table 4 . In the analysis the following assumption has been made; g x = g y = g ⊥ , g z = g || , A x = A y = A ⊥ < A z = A || ; the A || Cu and A || N components correspond to the direction of n, and the direction of the Cu-N bond, respectively.
For B 0 ⊥n the spectrum becomes much less resolved. As can be seen in Fig. 5 (Table 4 ) yields the average value of 18 G. We noticed that for B 0 ⊥n the HF structure due to both A || N and A ⊥ N components is present in the EPR spectrum. The simulated spectrum using To calculate the spin density from experimentally obtained HF coupling constants of the Cu and N atoms, we followed two different models provided in the literature. 29, 30 To use the notation of Maki and McGarvey 29 we assumed that the Cu II ion is surrounded by an N 3 O environment in a square-planar configuration. The observation that g || > g ⊥ and |A || | > |A ⊥ | implies a B 1g ground state. The unpaired electron is obviously in the B 1g level that represents in-plane σ bonding. The relevant molecular orbital is:
In the molecular orbital, the superscripts of the atomic orbitals label the ligands and the subscripts give the symmetry properties. The following expressions are used for the copper HF constants:
In these expressions Pκ is the Fermi contact term with P( 63 Cu) = μ B g e μ n g n × <r −3 > = 1164 MHz, that is the dipolar HF coupling parameter of the unpaired electron, 31 and Δg||, ⊥ = g||, ⊥ −2.0023. The parameter α 2 is a covalency parameter, which describes the in-plane metal-ligand σ bonding. The value of α 2 can be determined by using eqn (1) and the experimental Cu HF coupling constants. The normalization condition on the ground state B 1g orbital yields
which was used to determine α′. Here S is the overlap integral between the d x 2 −y 2 orbital and the normalized ligand orbitals.
The calculated values for nitrogen and oxygen are S(N) = 0.093 and S(O) = 0.076, respectively. 32 For the Cu II complex under study, the α 2 and (α′/2) 2 values are given in Table 5 . From the Fermi contact term, the spin density on the s orbital ρ N (s) = A iso / a 0 for each of the nitrogen nuclei can be calculated. 33 Taking the isotropic HF coupling constant for unit spin density a 0 = 2 . 34 Furthermore, we followed the procedure of Morton and Preston 30 to obtain the spin density on the N and Cu atoms. The 63 Cu nuclei have axial anisotropic HF interaction. 30 A 63 Cu(4s) contribution of 0.041 can be derived as the ratio of the isotropic HF coupling constant A iso Cu obtained experimentally (Table 4 ) and the theoretical value A 0 Cu = 5995 MHz, which is calculated for unit spin density on the copper s orbital. 30 Using the theoretical value A 0 N = 1811 MHz, 30 a respective spin density on the nitrogen s orbital of 0.023 can be obtained. The spin densities on the p and d orbitals are proportional to the dipolar HF coupling constant A dip = A iso − A ⊥ . Calculating these contributions as the ratio of the respective A dip derived from the experimental values in Table 4 and the theoretical anisotropic HF parameters 55.5 MHz and 342 MHz for unit spin density 30 one obtains the values 0.072 and 0.47 for N and Cu, respectively. The total spin densities on Cu and N atoms of 3B are finally given in Table 5 together with the values of the closely related complex [Cu(opba)] 2− (6). 20 In the case of type I complex 6, cf. Scheme 1, the Cu II ion possesses a planar-quadratic N 2 O 2 environment and is related to 3B by heteroatom-substitution of one O-to a N(CH 3 )-donor atom.
In the approach of Morton and Preston 30 the spin density on the N-donor atoms can be estimated irrespective of O-donor atoms from the HF parameters A N . Its value for 3B amounts to 9.5. It is smaller compared to the value of 14.5 reported for 6.
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In addition, the spin density at Cu II for 3B (51) is smaller compared to 6 (54.6). This might be suggestive of the redistribution of the total spin density between the donor atoms towards the third N-donor atom present in 3B with no additional "leakage" from the central metal ion. Indeed, the average spin density per N-or O-donor atom in 3B, which is estimated in the framework of the model by Maki and McGarvey, 29 remains very close to the respective values in ref. 20 . Consistently with this scenario, both approaches do not reveal a substantial change of the spin density at Cu II in 3B compared to 6, though in each case the model of Maki and McGarvey 29 yields larger absolute values than that of Morton and Preston. 30 The above comparison indicates that the spin density on the O-donor atoms should be smaller compared to the N-donor atoms, which reflects the less covalent character of the Cu-O bond with respect to the Cu-N bond.
It is assumed that the spin density distribution determined for mononuclear 3B could be correlated with the J value of the antiferromagnetic exchange coupling of trinuclear 5. For the related trinuclear complex [Cu 3 (opba)( pmdta) 2 (NO 3 )](NO 3 )·2MeCN (7) obtained from mononuclear 6, a J value of −89 cm −1 has been determined. 4 As the spin density distributions of 3B and 6 are similar, one might expect J values for 5 close to that of 7.
Magnetic properties
The temperature dependence of the static magnetic susceptibility χ m = M/H of 5 and the corresponding inverse susceptibility χ m −1 are presented in Fig. 6 . The χ m −1 (T)-dependence shows a strong non-linearity at T below 100 K which is typical for an antiferromagnetic interaction between the spins (see, e.g. ref. 35 ). The experimental data were fitted on the basis of the following Hamiltonian using the simulation software package julX:
Here J 12 and J 13 denote the exchange integrals between the central and the terminal Cu II spins. The value of J 23 (the exchange integral between the two terminal Cu II ions) was assumed to be negligibly small due to the large distance between the Cu1 and Cu3 atoms and the large number of orbitals involved in the corresponding super exchange interaction between them. The analysis yields the best possible fit with the values J 12 = J 13 = −65 cm −1 taking the g factor of 2.10 as determined from the EPR spectrum (see Fig. S1 †) , and the Cu spin values S 1 = S 2 = S 3 = 1/2. Enabling even a small difference between J 13 and J 12 of ≤5% decreases the quality of the fit. A trial to fit to theoretically calculated J values (J 12 = −84 cm −1 and J 13 = −72 cm −1 , vide infra) substantially disagrees with the experimental data.
The observation of two identical J values for 5′ is at first surprising. According to Kahn, 12 the heteroatom-substitution of one oxygen atom to the less electronegative N(CH 3 ) atom, as performed for 5′ compared to 7, 4 is expected to result in a higher J 12 value compared to that of J 13 .
To understand that phenomenon, the well-established nearly linear dependence between J values and τ parameters of homotrinuclear Cu II bis(oxamato) complexes having tridentate terminal ligands, cf. Fig. 7 , should be applied. 22 According to this 12 The apparently identical J values of 5′ should be thus originating from the different coordination geometries of the terminal Cu II ions. However, the J values derived by applying the J versus τ dependence are significantly larger compared to the experimentally obtained value of 5′.
A possible explanation for the unexpected low J value of 5′ compared to 7 4 could be drawn from the comparison of the geometries around their central Cu II ions. It has already been described that the environmental geometry around Cu II ions determines the degree of magnetic exchange coupling for e.g. dinuclear iminoalkoxy complexes 37 and trinuclear Cu IIcontaining bis(oxamato) complexes as well. 20 Related geometrical parameters of the CuN 3 O coordination unit of 5A compared to the CuN 2 O 2 one of 7, 4 however, do not show such differences, which could help to explain the unexpected low J value of 5′. For example: The deviation of the Cu II ions from calculated mean planes of their surrounding donor atoms amounts to 0.0002(33) Å for 5A and 0.173(2) Å for 7, the N aryl -Cu-N aryl bond angles (N-donor atoms of the N,N′-phenylene bridges) amount to 83.1(2)°for 5A and 81.6(2)°for 7 and the Cu-N aryl bond distances of 5A (1.932(6) and 1.931(7) Å) are identical to those of 7 (1.930(5) and 1.927(5) Å), respectively.
DFT calculations
The geometry of the dianionic complex fragment 3 ([Cu(opooMe)] 2− , Scheme 3) has been optimized with quantum chemical methods specified in the Experimental section. The thus obtained bond lengths, bond and torsion angles are given in Table 1 in comparison with those of crystallographically characterized 3A#, 3Ba and 3Bb. Bond lengths of the CuN 3 O coordination unit of 3 are always longer but show otherwise the same tendency as observed and discussed for 3A#, 3Ba and 3Bb. Related bond lengths of 3 compared to those of 3A#, 3Ba and 3Bb do not show mentionable differences. However, 3 appears more planar compared to 3A#, 3Ba and 3Bb (cf. torsion angles given in Table 1 ). This effect is most probably due to packing effects in the crystal structures comprising 3A#, 3Ba and 3Bb. The spin density distribution and the NBO charges of 3A#, 3Ba/ 3Bb and 3 have been calculated. Selected values are given in Fig. 8 . There are, with respect to the values given for the spin density distribution, slight deviations, e.g. the spin density on the Cu II ions changes from 53.87% (3) to 54.05% (3Ba), cf. Fig. 8 . Most probably this is due to the slightly different geometries of the [Cu(opooMe)] 2− complex fragments. In the following we will thus refer to the data of 3 only, especially as these data are nearly intermediate compared to the other [Cu(opooMe)] 2− complex fragments. The calculated spin density on Cu (53.87%) and the averaged calculated spin density on the three N-atoms of 3 (N = 11.77%) agree fairly with experimentally obtained results (EPR), especially with correspondence to the approach according to Morton and Preston 30 (Cu: 51%. N : 10.5%), cf. and is attributed to stronger Cu-N bonds (1.942-1.965 Å) compared to the Cu-O bond (1.995 Å). A precise dependence between the spin density on each N atom and its Cu-N bond distance is, however, not observed (Cu1-N3 (1.942 Å) < Cu1-N1 (1.957 Å) < Cu1-N2 (1.965 Å) versus spin density on: N2 (8.80%) < N3 (11.80%) < N1(14.70%). On the other hand, the spin density on the oxamidate fragment (Σ = 23.5%, values of N1 and N2) clearly exceeds the spin density on the oxamate fragment (Σ = 19.52%, values of N3 and O1) of 3. If any interplay between the spin density distribution of the mononuclear [Cu(opooMe)] 2− fragment and magnetic J coupling of the corresponding trimetallic 5′ exists, at least the calculated value for J 12 (magnetic superexchange along the oxamidate bridge of 5′) should exceed the calculated value for J 13 (magnetic superexchange along the oxamate bridge of 5′). This is the case, as the calculated value J 12 = −84 cm −1 is larger compared to the calculated value J 13 = −72 cm −1 . As shown in Fig. 6 , a trial to fit the χ m and χ m T versus T plot with calculated J values of 5′ is not serious. But, the two different calculated J values of 5′ support the assumption, derived via Fig. 7 , that J 12 exceeds J 13 . Moreover, τ parameters of unit I and unit II of 5′ have a difference of 17.5%, the difference between J 12 and J 13 according to Fig. 7 amounts to ca. 17.5% too. The difference between calculated values of J 12 and J 13 amounts to 16% and a difference of 20% is observed for the calculated averaged spin density on the oxamidate versus the oxamate fragment of 3. This similarity is striking. It supports the assumption that the spin density of mononuclear 3 is quite a prediction for the J values of its corresponding trinuclear complex 5′ on an individual basis, and that the spin density of monometallic Cu II -containing bis (oxamato) complexes are in interplay with J values of their corresponding trinulear complexes in a major context. 20 We have to notice again that the absolute quantity of J values of 5′ (exp: −65 cm −1 , calc.: −72 and −84 cm −1 ) is surprisingly small when compared to e.g. related 7 (J = −89 cm −1 ). 4 For 5′ J values above ca. −90 cm −1 should be expected. 12 When comparing related bond lengths and angles of 5′ and 7 4 and/or the spin density of their mononuclear precursors 3 and 6 20 no striking differences could be observed, vide supra. With respect to the comparison of the experimentally determined spin density of 3B and 6 according to Morton and Preston, cf. Table 5 , it is questionable whether the difference in spin density on the Cu II ions (3B: 51% vs. 6: 54.6%) and on the N atoms (3B: 9.5% vs. 6: 14.5%) is really significant to help to explain the comparatively small J value of 5′. That underlines that further studies are required to investigate the interplay between the spin density of monometallic bis(oxamato), oxamato/oxamidato and/or bis-(oxamidato) complexes and the J coupling of the corresponding trimetallic complexes. Furthermore, more trimetallic bis(oxamidato) complexes and their magnetic characterization are needed to investigate the influence of the heteroatom-substitution on the magnetic properties. Such studies should focus, in addition, on the coordination of the terminal transition metal complex fragments to the monometallic bis(oxamato) entities. For complex 5′ different coordination modes of the [Cu( pmdta)] 2+ fragments to the central [Cu(opooMe)] 2− entity have been observed, cf. e.g. Fig. 3 , unprecedented when compared to discrete trimetallic bis(oxamato) complexes, vide supra. In order to investigate that remarkable structural feature of 5′ further, the NBO charges of its monometallic precursors 3A#, 3Ba/3Bb and 3 have been calculated and are given for the non-coordinating O atoms in Fig. 8 . A significant difference of the NBO charges of the two O atoms of the oxamate or the oxamidate fragment, respectively, might help to explain the different coordination modes of the [Cu( pmdta)] 2+ fragments. However, the difference of the NBO charges of even all O atoms of one specific [Cu(opooMe)] 2− entity, cf. Fig. 8 , is not large enough to draw a reliable conclusion out of it. In case that for either the oxamate or the oxamidate fragment of 3Ba the NBO charge of the respective O aryl atom is higher compared to the NBO charge of the second O atom of the same fragment, a preferred tendency of the coordination mode of the [Cu( pmdta)] 2+ fragment could be deduced, which is, however, not the case.
To investigate whether one and the same coordination mode of the [Cu( pmdta)] 2+ fragments within complex 5′ might have an influence on the J coupling a further calculation has been carried out. Therefore, the geometry of the [Cu( pmdta)] 2+ fragment of 5′ comprising Cu2 has been changed to be identical with the geometry of the fragment comprising Cu3. That is, the [Cu( pmdta)] 2+ fragment on the oxamidate side of 5′ binds now in the same coordination mode as observed for the oxamate side, and, for example, the atom O2 occupies now the apical position of the CuN 3 O 2 unit II, cf. 2+ fragments has a significant impact on the magnetic properties of 5′.
Experimental section General methods and materials
All chemicals were purchased from commercial sources and used as received without further purification. NMR spectra were recorded at room temperature with a Bruker AvanceIII 500 Ultra 2 mmol) in MeOH (25 mL) was added dropwise with continuous stirring. After stirring for an additional one hour the solution was concentrated to ca. 5 mL and Et 2 O (100 mL) was added to precipitate a blue powder. For purification the overlaying solvent mixture was removed and MeOH (5 mL) was added to dissolve the blue powder. A mixture of THF and Et 2 O (4 : 1, 100 mL) was then added to precipitate 5 as a blue powdered solid. After removal of the supernatant it was washed twice with the same solvent mixture (50 mL) and 5 was dried in vacuo. Crystals suitable for X-ray crystallographic studies were grown diffusion controlled from 
X-ray crystallography
All data were collected on an Oxford Gemini S diffractometer. For data collection, cell refinement and data reduction the software CrysAlisPro was used. 38 All structures were solved by direct methods using SHELXS-97 and refined by full-matrix least-squares procedures on F 2 using SHELXL-97 as part of the software package SHELXTL. 39 All non-hydrogen atoms were refined anisotropically. All carbon bonded hydrogen atoms were refined using a riding model. The absolute structure of 3B′ was established by anomalous dispersion effects with respect to the absolute structure parameter. 40 Furthermore, the atoms C69 to C72 of one [ n Bu 4 N] + countercation have been refined disordered on two positions with split occupancies of 0.598 and 0.402, respectively. In the case of 4′ the hydrogen atoms of the carbon atom C2N have been refined as an idealised methyl group disordered on two positions. The asymmetric unit comprises furthermore two water molecules, of which one with the oxygen atom O6 is fully occupied. Its hydrogen atoms were taken from the difference Fourier maps and refined isotropically. The second water molecule with the oxygen atom O7 is partially occupied. The occupation factor has been set to 0.25 after pre-refinement. Its hydrogen atoms were refined on calculated positions. In the case of 5′ one NO 3 − counteranion with the atoms N12, O9-O12 has been refined disordered on two positions with split occupancies of 0.587 and 0.413. Data have been deposited at the Cambridge Crystallographic Data Centre under the CCDC deposition numbers 889270 (3A′), 889271 (3B′), 889272 (4′), and 889273 (5′).
EPR measurements
The measurements of single crystals of diamagnetically diluted 3B in the host lattice of 4 and of liquid solution spectra of 3B, respectively, were recorded at room temperature on a Bruker EMX spectrometer operating in the X-band with a modulation frequency of 100 kHz. Handling of EPR spectra was carried out using Win-EPR® computer programs, 41 spectral simulations were performed with the Simfonia program. 42 
Magnetic measurements
Static magnetic susceptibility was measured with a 7 T VSM-SQUID magnetometer from Quantum Design at a field of 1 T in a temperature range 2-300 K. It should be emphasized that for magnetic measurements compound 5 has been used. That material has been obtained from crystallization of 5, which yields 5′, vide supra, comprising MeCN molecules as packing solvents. In order to ensure the highest possible purity and to avoid any possible influence of partially liberated MeCN from 5′ due to storage, single crystals of 5′ were evacuated for ca. 12 h and the complete loss of all MeCN has been ensured by an additional elemental analysis.
Quantum chemical studies
The density functional theory (DFT) calculations on individual, free molecules were carried out by using revision 2.80 of the ORCA code. 43 The Def2-TZVPP 46,47 basis set together with the B3LYP 44 functional was chosen to obtain reasonable accuracy in our calculations and to have results comparable to previous investigations. 20 We used single molecules isolated from the measured X-ray data (were available) as input for our calculations. The counterions were neglected and further geometry optimizations were carried out using a gradient method. To check the optimization result the structures were compared to respective relaxed structures which were initially created from scratch using a molecular editor. We also compared the results to single point calculations using the unaltered crystallographic structures and did not find qualitative disagreements. The magnetic exchange interactions of the trinuclear complexes were estimated by preparing electronic configurations that correspond to ferromagnetic and antiferromagnetic coupling. From the calculated difference of the total energies one can obtain the J values for the system as already described. 20, 45 The spin densities at the different atoms were calculated from the difference of all electron density for minority (spin down) and majority (spin up) electrons followed by a numerical integration within spheres of radius R centred at the respective atoms. The same information was obtained by using Mulliken density analysis 48 as implemented in the ORCA code. In spite of giving slightly different numerical results for the respective absolute spin densities the results of both methods do agree very well and the same qualitative trends are observed.
Summary and conclusions
From the ethyl ester of o-phenylene(N′-methyloxamide)(oxamic acid) (opooH 3 These results support the assumption that the spin density of mononuclear 3B′ is a measure of the magnitude of J values of corresponding 5′. Thus, the higher spin density distribution of 3B′ towards its oxamidate fragment results in a higher J coupling of magnetically interacting Cu II ions of 5′ along that bridge. That interplay is supported further by the observation that the spin density distribution of 3B′, by comparing its oxamate and oxamidate fragments, differs by 20%, and that the DFT calculated J values of 5′ differ by 16% and that the J values of 5′ derived from magneto-structural correlations differ by 17.5%, a similarity which is striking. However, it is surprising that the magnitude of the J parameter of 5′ (exp: −65 cm −1 ) is significantly lower compared to J values of related trinuclear bis(oxamato) complexes as, for example, [Cu 3 (opba)-( pmdta) 2 (NO 3 )](NO 3 )·2MeCN (7) with J = −89 cm −1 . That underlines the importance of further studies to elaborate the interplay between spin density distribution of mononuclear complexes and magnetic superexchange interactions of their corresponding trinuclear complexes at least on example of bis(oxamato) type complexes.
